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Summary
We review insights in signaling pathways controlling
cell polarization and cytoskeletal organization during
chemotactic movement in Dictyostelium amoebae and
neutrophils. We compare and contrast these insights
with our current understanding of pathways con-
trolling chemotactic movements in more-complex
multicellular developmental contexts.
Introduction
Cell movement is an important mechanism in the devel-
opment of multicellular organisms, especially during
gastrulation and the formation of the nervous system,
the vasculature, and the musculature. During adult life,
cell movement plays an important role in tissue repair,
wound healing, and the functioning of the immune sys-
tem. In these processes, the spatiotemporal patterns
of cell movement are under the control of extracellular
guidance cues produced by surrounding cells and tis-
sues. These guidance cues may be present in gradients
of diffusible and/or matrix-bound signaling molecules
and direct cell movement toward or away from their
sources. Cell movement requires a number of distinct
steps. Expansion of the cell’s leading edge into a lamel-
lipod involves localized actin polymerization and disas-
sembly of the cortical myosin thick filament network.
During the formation of the lamellipod, contacts with
the substrate have to be established in order to gain
traction. Simultaneously, the cell has to pull up its
rear end, and this action requires breaking of cell-sub-
strate contacts (Lauffenburger and Horwitz, 1996).
Contraction of the rear of the cell is a myosin II-depen-
dent process and may also contribute to generation of
a hydrostatic pressure to aid in anterior extension, a
process that may be particularly important for move-
ment of cells in multicellular tissues.
Major questions to address are the following: What
is the molecular nature of the guidance cues, how are
they detected and translated into spatially localized ac-
tivation of the actin-myosin cytoskeleton, how does
this result in directed movement, and how does move-
ment itself crosstalk with these signals? We will focus*Correspondence: c.j.weijer@dundee.ac.ukon current insights obtained from the study of single,
fast-moving cells, especially Dictyostelium and neutro-
phils, which detect signals through G protein-coupled
serpentine receptors. This will be followed by discus-
sion of a few developmental systems, in which chemo-
taxis has been shown to be a major mechanism of tis-
sue morphogenesis, which involves in many cases
signaling through tyrosine kinase receptors.
Chemotaxis in Fast-Moving Single Cells
Chemotaxis is the process by which an external-signal
gradient, detected by cell-surface receptors, is trans-
lated into the directed movement of the cell up or down
the gradients (Ridley et al., 2003). The processes under-
lying signal detection and polarization of the activities
of the responding cells have been intensively investi-
gated in the fast-moving social amoebae Dictyostelium
discoideum and in neutrophils (Iijima et al., 2002; Par-
ent, 2004). In both cases, the chemoattractants, cyclic
AMP (cAMP), and a small peptide, fMLP, respectively,
are detected by seven transmembrane serpentine re-
ceptors. Aggregation-competent Dictyostelium cells ini-
tially do not have an inherent polarity; they appear
amoeboid, and their polarization is completely depen-
dent on a graded external signal. Upon an abrupt 180°
reversal of a shallow cAMP gradient, the polarity of the
cell is reversed, and the back becomes the new front
(Claviez et al., 1986). However, after cells have been
exposed to a series of directional cAMP signals, they
take on a stable elongated shape, coincident with the
development of a distinct front and back. The respon-
siveness of the front is now greater than that of the
back, and the cells make U turns when faced with an
abrupt 180° reversal of a shallow cAMP gradient, a
property shared with and originally discovered in neu-
trophils responding to shallow gradients of the chemo-
attractant fMLP (see Xu et al., 2003 and references
therein). Dictyostelium amoebae reliably respond to shal-
low gradients of cAMP by a highly directed cell move-
ment up that gradient, even if the latter results in a con-
centration difference as small as a few percent over the
length of the cell (Van Haastert and Deveotes, 2004; Van
Haastert, 1983). How do cells detect the cAMP gradi-
ent, and how do they translate this information in polar-
ized actin-myosin-cytoskeleton dynamics resulting in di-
rected movement up the gradient? During aggregation,
Dictyostelium cells move in response to cAMP propagat-
ing waves that span up to four orders of magnitude in
concentration. How do cells adapt to the increasing
signal while traveling up the gradient?
Gradient Sensing and Adaptation
cAMP gradients are detected by the serpentine cAMP
receptors. The average binding duration of cAMP mole-
cules is in the order of seconds. The receptors are and
stay randomly distributed over the cell surface during
the movement of the cells up the gradient (Ueda et al.,
2001; Xiao et al., 1997). A gradient of cAMP over the
length of the cell results in a receptor-activation gradient,
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ia gradient of G protein activation (Janetopoulos et al.,
2001). A gradient of membrane-associated Gβγ is estab- a
hlished and results in a graded activation of Ras-family
small G proteins, most likely RasG. (Kae et al., 2004; I
cSasaki et al., 2004). This, in turn, results in the stimula-
tion and further recruitment of PI3 kinases, which con- p
ptain a Ras binding domain, to the leading edge of the
membrane. PI3 kinases convert phosphatidylinositide s
b4,5-bis-phosphate (PIP2) to phosphatidylinositide 3,4,5-
tris-phosphate (PIP3) (Huang et al., 2003; Sasaki et al., a
m2004). Deletion of two PI3 kinases or inhibition of PI3-
kinase activity via small-molecule chemical inhibitors
iresults in inefficient chemotaxis (Funamoto et al., 2002;
Funamoto et al., 2001). Upon gradient sensing, the mem- h
tbrane-associated 3# phosphatase, PTEN (phosphatase
and tensin homolog), is prevented from further binding d
wto the leading edge of the cell but stays associated with
the membrane in the lateral and rear parts of the cell a
((Funamoto et al., 2002; Iijima and Devreotes, 2002; Ii-
jima et al., 2002) (Figure 1A). Binding of PTEN to the T
Pmembrane involves an N-terminal PIP2 binding motif
(Iijima et al., 2004). Neutrophils also show, at the lead- m
hing edge, an attractant-induced localized PIP3 produc-
tion, which is essential for maintaining a directed move- m
(ment up the chemical gradient (Wang et al., 2002).
fMLP-stimulated PIP3 production is dependent on the f
Pactivation of Gi (Xu et al., 2003), and neutrophils derived
from mice deficient in PI3 kinase γ fail to localize PIP3 lFigure 1. Polarization of Dictyostelium Cells in an Aggregation Stream
(A) Schematic representation of polarization in an aggregating Dictyostelium cell. Red arrows indicate the direction of the propagating cAMP
signal, while the black arrows indicate the direction of force generation. Forces in the front are generated by actin polymerization resulting
from the uncapping and extension of existing filaments followed by the synthesis of new branches through the Arp2/3 complex and the
disassembly of myosin thick filaments in the front of the cell. The forces in the back are generated through the actin myosin network’s
contraction, followed by disassembly of this network.
(B) Localization of PIP3 levels in aggregating Dictyostelium cells. PIP3 is visualized through the binding of the GFP-tagged PH domain of the
cytosolic regulator of adenylylcyclase (CRAC). It localizes to the leading edges of the cells in response to the direction of cAMP waves
propagating through the population of cells. The waves propagate from left to right, and the cells move from right to left.
(C) GFP-tagged PTEN is localized in the back of the cells, and this localization contributes to the sharpening of the PIP3 localization as
shown in (B). White arrows in (B) and (C) point to the localization of CRAC-PH-GFP and PTEN GFP, in the front and back, respectively.o their leading edge and are defective in chemotaxis
n fMLP gradients (Hannigan et al., 2002; Hannigan et
l., 2004). Preferential localization of PTEN to the back
as also been reported for neutrophils (Li et al., 2003).
n neutrophils, it has been proposed that posterior lo-
alization and activation of PTEN may involve phos-
horylation by Rho kinase in a Rho-dependent manner,
ossibly affecting PTEN conformation, membrane as-
ociation, and activity (Li et al., 2005), whereas microtu-
ules may play a role in the inhibition of Rho GTPase
ctivation in the back of neutrophils via an unknown
echanism (Xu et al., 2005a).
It has been proposed that localized PIP3 production
nvolves fast local excitation and a slower, globally in-
ibitory adaptation mechanism and that PIP3 produc-
ion after some initial transients is proportional to the
ifference between the excitation and adaptation,
here the steady-state levels of both excitation and
daptation are proportional to receptor occupancy
Devreotes and Janetopoulos, 2003; Iijima et al., 2002).
he combined action of activation and translocation of
I3 kinase to the leading edge of the cells and the re-
oval of PTEN from the leading edge results in the
ighly localized production of PIP3 at the front (Funa-
oto et al., 2002; Iijima et al., 2002; Parent et al., 1998)
Figures 1B and 1C). It is interesting to note that dif-
erent PIP3-specific PH domains possessing distinct
IP3 binding properties (on and off rates) give more or
ess spatially localized readouts of the same PIP3 sig-
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21nal, readouts showing that one signal, i.e., PIP3, can
result in distinct spatial distributions of effector pro-
teins (Dormann et al., 2002a; Dormann et al., 2004).
In cells immobilized by addition of the actin-polymer-
ization inhibitor Latrunculin A, PI3 kinase will still trans-
locate to the part of the cell that is exposed to the high
point of the chemoattractant gradient, and the simulta-
neous dissociation of PTEN is also observed, showing
that these translocation events do not require de novo
actin polymerization. Quantitative experiments have
shown that Latrunculin A-immobilized cells show a
3–6-fold amplification in PIP3 production when com-
pared to receptor occupancy and that PTEN localiza-
tion contributes significantly to the sharpening of the
PIP3 gradient (Janetopoulos et al., 2004). Immobilized
cells respond to two simultaneous local stimulations of
chemoattractant at opposite poles with two localized
PIP3 responses, demonstrating that a response at the
“front” does not necessarily inhibit a response at the
“back.” Adaptation was also shown to occur indepen-
dently of actin polymerization.
Recent experiments have shown that the picture
whereby localized stimulation with chemoattractant
results in a localized PIP3 response at the site of stimu-
lation may not be that simple. Exposure of cells to a
sudden saturating cAMP concentration results in a bi-
phasic cAMP response: A first uniform response peaks
at 10 s and is downregulated by 20 s; however, this is
followed by a second response occurring in 4–5 m
self-organizing patches of PIP3 formation, distributed
around the cell membrane (Postma et al., 2004). These
patches persist as long as the cAMP stimulus stays
present. The formation of patches is in most cases fol-
lowed by pseudopod extension, indicating that these
patches organize the actin cytoskeleton. Exposure to
low concentrations of cAMP does not induce the fast
uniform PIP3 production but still results in the PIP3-
patch formation, again followed by psuedopod exten-
sion; these findings show at the molecular level that the
cells polarize in response to a uniform stimulus, as has
also been observed in neutrophils (Xu et al., 2003). Fur-
thermore, after sudden exposure of Latrunculin A-immo-
bilized cells to a stable cAMP gradient, a gradient of PIP3
is formed in a biphasic manner: An initial transient PIP3
production at the high end of the gradient is followed
by a further increase starting after around 30 s (Xu et
al., 2005b). It appears that the first response may set up
the PIP3 gradient via the adaptation-excitation scheme
described above but that this is then followed by a fur-
ther amplification step. In the case of an external cAMP
gradient, the PIP3 gradient aligns with the cAMP gradi-
ent, and in the absence of a cAMP gradient, the system
is self organizing. This finding, together with the obser-
vation of formation of self-organized PIP3 patches of a
characteristic size upon uniform cAMP stimulation, sug-
gests the presence of a cell-internal pattern-forming
nonlinear-feedback system controlling PIP3 production
and operating in the absence of actin polymerization
(Meinhardt, 1999).
Interestingly, local PIP3-patch formation has recently
also been proposed to dominate chemotaxis of fibro-
blasts and dendritic cells, moving in shallow platelet-
derived growth factor (PDGF) and C5a gradients, respec-
tively. It was shown that small localized transientpatches of PIP3 drive localized actin polymerization
and local lamellipod extensions, resulting in small dis-
crete turns in the direction of the gradient, giving the
movement the appearance of a biased random walk
toward the source of the attractant (Arrieumerlou and
Meyer, 2005). It remains to be seen how general and
important this mechanism is in vivo.
Experiments in neutrophils also suggest that PIP3
production involves an autocatalytic component be-
cause exogenous addition of PIP3 in a membrane-per-
meable form results in further PIP3 formation (Weiner
et al., 2002). In neutrophils, it has furthermore been
shown that this process involves a PIP3-dependent ac-
tivation of Rac and actin polymerization (Wang et al.,
2002; Weiner et al., 2002). In line with these findings, it
has recently been reported that in Dictyostelium, cAMP-
receptor stimulation results in activation of limited
amounts of membrane-associated PI3 kinase but that
recruitment of further PI3 kinase to the leading edge
requires de novo actin polymerization (Sasaki et al.,
2004). However, both in neutrophils and in Dictyostel-
ium, the detailed molecular mechanism underlying
these actin-dependent amplification steps are not yet
resolved.
Although, as discussed above, there is considerable
support for the local-excitation, global-inhibition model
resulting in the generation and stabilization of a leading
edge in Dictyostelium, the exact molecular mecha-
nisms resulting in spatially confined PIP3 formation and
amplification are not yet resolved (Devreotes and Jane-
topoulos, 2003; Postma et al., 2004; Van Haastert and
Devreotes, 2004).
Signaling to the Actin Cytoskeleton
PIP3 production results in the recruitment of a variety
of PIP3-specific pleckstrin homology (PH)-domain-con-
taining proteins to the leading edge, leading to the lo-
calized activation of kinases such as Akt/Pkb (Chung
et al., 2001) and exchange factors for GTPases of the
Rho family (Raftopoulou and Hall, 2004). Experiments
where the activation of Rac was measured directly with
a fluorescence resonance energy transfer (FRET) assay
have shown that during chemotaxis in neutrophils, Rac
is activated initially at the leading edge but also in the
back of the cell, in the uropod (Gardiner et al., 2002;
Pertz and Hahn, 2004). In neutrophils, Rac activation at
the leading edge may involve P-Rex1, a novel rac GEF
that is synergistically activated by PIP3 and Gβγ (Hill et
al., 2005; Welch et al., 2002). In neutrophils, leading-
edge functions have furthermore been shown to require
Gβγ-dependent activation of Cdc42 in a Pixα- and
Pak1-dependent manner (Li et al., 2003). Dictyostelium
has only Rac GTPases (15 of them), and no clear
Cdc42 and Rho homologs exist (Rivero et al., 2001; Riv-
ero and Somesh, 2002). Activated Rac is instrumental in
signaling to the actin cytoskeleton by stimulating actin
polymerization because mutants in rac genes or their
regulators show defects in cAMP-stimulated actin poly-
merization and changes of the number and localization
of pseudopodia and the localization and persistence of
filopodia (Chung et al., 2000a; Dumontier et al., 2000;
Faix and Dittrich, 1996; Park et al., 2004). Overexpres-
sion of Rac1A, B, and C (homologs of human Rac1),
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arates of motility, whereas expression of dominant-
active and dominant-negative forms of these proteins a
pshow the formation of actin-rich crown structures and
reduced movement (Dumontier et al., 2000). These f
oRacs appear to be effectors of DdgapA, an IQgap that,
when deleted, also result in excessive filopodia forma- a
ption and defects in chemotaxis. Recent work has
shown that mutants in racB are severely reduced in a
gcAMP-stimulated actin polymerization. The cells are
unable to chemotax well, not because they cannot ori- t
went efficiently but because their movement speed is re-
duced as the result of decreased actin polymerization. e
RacB is activated by RacGef1 in a PIP3-dependent
fashion, and deletion of racGef1 shows a phenotype s
csimilar to that of deletion of racB. Furthermore, RacB
is the main effector for protein kinases PakA and PakC t
cof the Ste20 family. PakC may act in a similar pathway
as the myosin I heavy-chain kinase in the control of c
schemotaxis (Lee et al., 2004).
Actin polymerization is dependent on elongation of D
wexisting filaments catalyzed through the uncapping
and/or severing of existing filament and simultaneous o
ccatalysis of their elongation through members of the
Ena/Vasp and the Formin family of proteins. This pro- c
ocess of elongation of existing filaments is followed
closely in time by the appearance of new branches p
cthrough activation of the Arp2/3 complex (Evangelista
et al., 2003; Pollard and Borisy, 2003; Rivero et al., 2005; 1
Zigmond, 2004). Stimulation of the actin-nucleating ac-
tivity of the Arp2/3 complex may be controlled through p
bthe Rac-dependent activation of the Scar/Wave and
Wasp complexes (Machesky and Insall, 1998). In vitro c
wassays with purified components and Xenopus egg ex-
tracts have shown that Cdc42 and its downstream ef- t
dfector Toca2 are required for Wasp-dependent activa-
tion of Arp2/3-catalyzed actin polymerization (Ho et al., A
a2004; Rohatgi et al., 1999), whereas the Rac- and Nck-
dependent regulation of the activity of the Scar com- t
pplex involves many distinct proteins, notably Nap,
HSPC, Pir121, and Abi2 (Eden et al., 2002). These com- 4
dponents are universally present; indeed, Dictyostelium
mutant strains in genes encoding Scar/Wave-complex t
rcomponents, notably Scar and Pir121, as well as Wasp
homologs, are severely affected in actin polymerization. t
nscar null mutants show reduced levels of polymerized
actin and have difficulties in moving up chemotactic c
ggradients (Bear et al., 1998). Cells defective in factors,
such as Pir121, that have been shown to be involved in a
scontrolling the activity of Scar in biochemical assays
have been shown to be defective in formation of lamel- c
tlipodia and filopodia and show defects in directed
movement (Blagg and Insall, 2004a; Blagg and Insall, a
c2004b; Blagg et al., 2003). Dictyostelium contains two
wasp genes. Wasp1 protein has been shown to be lo- o
kcalized at the leading edge and in the uropod of che-
motaxing cells. Mutants showing defects in Wasp1 ex- A
pression and low Wasp2 expression are defective in
polarized actin polymerization and efficient chemotaxis (
a(Myers et al., 2005). Finally, overexpression and mem-
brane targeting of the Dictyostelium Vasp protein re- e
asults in the excessive formation of filopodia, whereas
deletion of vasp results in cells that lack filopodia, are a
oheavily impaired in chemotaxis, and do not polarizeroperly as a result of extension of lateral psuedopods
nd a frequent change of migration direction (Han et
l., 2002). Dictyostelium cells not only protrude pseudo-
odia but at the same time extend long, highly dynamic
ilopodia. A recent analysis has shown that the number
f filopodia increases after cAMP-receptor stimulation
nd that they arise predominantly from the pseudo-
odia extending in the direction of the gradient (Heid et
l., 2005). This suggests that filopodia are involved in
radient sensing and possibly in guidance of the cells;
herefore, extension of filopodia could be correlated
ith the efficiency of chemotaxis, as discussed for sev-
ral cases above.
The phenotypes of all the mutants just mentioned are
lightly different, and the changes in behavior are rather
omplex. It will require further detailed analysis before
he in vivo role of the encoded proteins in chemotaxis
an be understood in detail. The investigation of the
omplex behavioral response to both temporal and
patial signals that occur during normal aggregation of
ictyostelium cells in response to propagating cAMP
aves will be essential for our understanding of the role
f individual components in the process of chemotactic
ell migration. Such studies will be helped by combining
lassical approaches with sophisticated image analysis
f cell behaviors, allowing the quantitating of pseudo-
od extension and persistence, filopod formation, and
ell shape and volume changes (Heid et al., 2005; Soll,
999).
The biochemical characterization of the signaling
athways regulating actin-filament turnover is helped
y the fact that agonist-induced actin polymerization
an be measured in cell suspension. Cells stimulated
ith the chemoattractant cAMP undergo a series of
ypical shape changes that are associated with repro-
ucible changes in actin assembly (Hall et al., 1989).
ctin polymerization shows a biphasic character with
first peak of polymerization after 5 s followed by a
emporary depolymerization, upon which a second
hase of polymerization initiates and peaks after 30–
0 s. The second actin-polymerization peak is depen-
ent on PI3-kinase signaling because it is inhibited in
he presence of the PI3-kinase inhibitor LY294002 and
educed in PI3-kinase knockout mutants; furthermore,
his phase of actin polymerization is stimulated in PTEN
ull cells (Chen et al., 2003). Work on breast carcinoma
ells, which are chemotactically sensitive to epidermal
rowth factor (EGF), has shown that EGF stimulation
lso results in a biphasic actin-polymerization re-
ponse, albeit with a slower kinetics, the first peak oc-
urring after w30 s and the second after 2–3 min. In
his system, it has been shown that the peak of fast
ctin polymerization is dependent on the activation of
ofilin through the activation of PlC, whereas the sec-
nd peak is dependent on signaling through the PI3-
inase pathway and may be due to stimulation of the
rp2/3 complex (Ghosh et al., 2004; Lorenz et al., 2004).
High-resolution total internal reflection microscopy
TIRF) experiments have shown that in moving cells,
ctin polymerization occurs not only at the leading
dge of the cell but also everywhere in the actin cortex
nd that actin filaments are continuously remodeled in
highly dynamic fashion. Actin polymerization can
ften be seen to propagate as waves in the cortex at
Review
23the cell-substrate interface, presumably enabling a
coordinated rapid remodeling of the entire network
(Bretschneider et al., 2004). The propagation of the
waves may be dependent on the action of unconven-
tional myosins possibly transporting the Arp2/3 com-
plex via a link to the capping and adaptor protein Car-
mil (Jung et al., 2001; Soldati, 2003). The regulation of
this system and its link to chemotactic signaling will
require further investigation.
Recently, a Na+/H+ exchanger localized at the leading
edge of polarized cells has been shown to be involved
in the chemotactic response (Denker and Barber, 2002).
In fibroblast, the exchanger is necessary for establish-
ing polarity in migrating cells, where it has been shown
to function as a plasma-membrane anchor for actin fila-
ments by its binding of ezrin/radixin/moesin (ERM) pro-
teins. Deletion of the exchanger in Dictyostelium results
in an inhibition of the rapid alkalinization of the cyto-
plasm, an alkalinization that normally occurs upon
cAMP stimulation (Patel and Barber, 2005). The mutant
cells do not polarize their actin cytoskeleton properly
and extend many lateral pseudopods, leading to a de-
fective chemotactic response. The exchanger appears
to function downstream of PI3 kinase, and null mutants
show a strongly reduced cAMP-stimulated actin polar-
ization. Cofilin has been suggested to be a potential
target as a result of the pH sensitivity of its activity.
Signaling to Myosins
The regulation of myosin function will be critical to our
understanding of chemotaxis. Myosin II is localized in
the back and sides of migrating Dictyostelium cells and
neutrophils. In Dictyostelium, the integrity of the myosin
thick filaments may be important in the prevention of
extension of psuedopodia from the back of the cell and
may thereby contribute significantly to stabilization of
polarity (Heid et al., 2005; Stites et al., 1998). Applica-
tion of the myosin II inhibitor blebbistatin also results
in extension of multiple pseudopods in neutrophils (Xu
et al., 2003). fMLP-stimulated transient myosin II local-
ization in the back of the cell has been shown to be
dependent on the G12- and G13-dependent activation
of RhoA. RhoA is localized in the back of the cell and
exerts its effect through the activation of the Rho-
kinase p160Rock, which controls the fMLP-dependent
phosphorylation of the myosin light chain on serine 19
(Xu et al., 2003). RhoA through Rho-kinase also inhibits
Rac activation because addition of the Rho-kinase in-
hibitor Y27632 doubled the fMLP-induced increase in
Rac-GTP.
Dictyostelium has one gene encoding a conventional
myosin II, characterized by a long tail and two actin
binding motor domains, and at least 11 genes encoding
unconventional myosins containing only one motor do-
main, i.e., seven myosin I family members, one class
VII member, and three class V/XI members (de la Roche
and Cote, 2001). The conventional myosin II is involved
in the formation of a myosin-thick-filament network in
the cell cortex; the structure of this network is con-
trolled through phosphorylation of threonine residues in
the tail of the myosin heavy chain (de la Roche and
Cote, 2001; Postma et al., 2004). Phosphorylation of
these residues through myosin heavy-chain kinase re-sults in the disassembly of the filaments. It has been
shown that cAMP stimulation results in reversible phos-
phorylation of the myosin heavy chain (Berlot et al.,
1987; Berlot et al., 1985). This phosphorylation is re-
versible through the action of myosin heavy-chain
phosphatase (Murphy and Egelhoff, 1999). PakA null
cells are defective in myosin-thick-filament assembly
and in suppression of lateral pseudopods; these condi-
tions result in poor chemotaxis, whereas overexpres-
sion of PakA results in increased myosin assembly
(Chung and Firtel, 1999). PakA is activated through
phosphorylation by Akt/pkB in a PI3-kinase-dependent
manner (Chung et al., 2001). Kinase activation and the
N-terminal cortical localization domain of PakA are re-
quired for the colocalization of PakA with myosin thick
filaments in the back of the cell (Muller-Taubenberger
et al., 2002).
The disassembly of the myosin II thick filaments in
the front of the cell may involve the PIP3-dependent
translocation of myosin heavy-chain kinase A (Liang et
al., 2002), and activation of this kinase could be stim-
ulated by F actin (Egelhoff et al., 2005). Another iso-
form, myosin heavy-chain kinase C, appears to be lo-
calized to the back of the cell. At this stage, it is not
known what controls the localization and activation of
these kinases. Analysis of the myosinIInull mutant has
shown that they have difficulties in retracting their tail,
and these cells also move less efficiently in cAMP
waves occurring during aggregation. Mutant cells are
pushed out of aggregation streams by wild-type cells
(Shelden and Knecht, 1995), a phenotype especially no-
ticeable when the cells are put under stress by forcing
them to migrate under agarose (Xu et al., 2001). Further
experiments have shown that this phenotype can be
rescued by myosin protein variants that lack motor
function, suggesting that the assembly of the tail do-
mains in myosin thick filaments is sufficient to sup-
port efficient chemotactic cell movement (Laevsky and
Knecht, 2003).
The control of myosin assembly is also sensitive to
cell-internal cyclic nucleotides, especially cGMP. Che-
motactic stimulation of aggregation-competent Dictyo-
stelium cells results in transient cGMP production. Mu-
tants lacking two main guanylylcyclases show reduced
myosin heavy-chain and regulatory light-chain phos-
phorylation. They show reduced myosin-filament as-
sembly, and the cells are impaired in chemotaxis,
whereas cells lacking two of the major cGMP phospho-
diesterase activities show increased myosin light-chain
phosphorylation and improved persistence during che-
motactic migration (Bosgraaf et al., 2002; Bosgraaf et
al., 2005). The signaling pathways from cGMP to myo-
sin phosphorylation are as yet unknown because there
is no clear cGMP-dependent protein kinase in the Dic-
tyostelium genome. The defects may be mediated by
two putative cGMP binding proteins, GbpC and GbpD,
which contain Ras, MAPKKK, and Ras-GEF domains.
Inactivation of the gbp genes indicates that only GbpC
harbors high-affinity cGMP binding activity. Myosin
phosphorylation and assembly of myosin in the cy-
toskeleton, as well as chemotaxis, are severely im-
paired in mutants lacking GbpC and GbpD (Bosgraaf et
al., 2002). It remains to be established whether the
cGMP-dependent regulation of myosin phosphoryla-
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cof the large family of unconventional myosins are found
in the leading edge of the cell, and mutational analysis l
msuggests that they play an important role in filopodia
formation and chemotactic movement (de la Roche and t
rCote, 2001; Soldati, 2003). As a result of space limita-
tions, these findings cannot be discussed here in detail. o
i
vReceptor Tyrosine Kinases
hin Chemoattractant Signaling
mIn mammalian cells, chemoattractants are often de-
ttected via tyrosine kinase receptors, and the ligands
are in many cases proteins that bind irreversibly to their
receptors. The signal-detection process is therefore dif- S
ferent from that of serpentine receptors, where ligands M
like cAMP can bind and dissociate to a receptor within T
seconds. Ligand binding to tyrosine kinase receptors h
results in receptor dimerization, and the intrinsic kinase w
domains crossphosphorylate each other on specific c
residues, which then function as binding sites for fur- m
ther signaling and adaptor molecules such as Grb2, a
Gab2, or Frs2 in the case of Fgf receptors (Schles- m
singer, 2000). These adapters in turn act as binding o
sites for signaling molecules, such as PI3 kinase, the r
tyrosine phosphatase Shp2, phospholipase C, regula- o
tors of the small G proteins of the Ras and Rho families, a
and also feedback inhibitors such as Sprouty, Spred, a
and Sef (Rubin et al., 2005; Rubin et al., 2003). In mam- p
mary carcinoma cells, which are chemotactically sensi- c
tive to EGF, it was shown that the receptors are distrib- c
uted homogeneously over the cells but that in a 1
gradient of chemoattractant, the receptors are more i
strongly endocytosed at the high end of the gradient i
(Bailly et al., 2000). The response is normally downregu- c
lated through ubiquitination via a Cbl-family E3 ligase, i
which directs the receptor for lysosomal targeting and p
results in a termination of the response (Dikic and Gior- g
dano, 2003). In most cases, it is not clear how the cells m
measure gradients of these growth factors or how gra- a
dients of receptor activation along the surface are be- D
ing translated into polarization of the cytoskeleton, i
leading to extension of cell processes and to transloca- l
tion of the cell body (Rorth, 2003). There are some in- i
dications that localized activation of a receptor may a
propagate a signal in the plane of the membrane. Upon f
local stimulation of cells overexpressing the EGF re- a
ceptor with a bead soaked in EGF, it was shown that c
mitogen-activated protein kinase (MAPK) activation f
spreads throughout the cell, whereas actin polymeriza- i
tion remained local (Kempiak et al., 2003). Actin poly- o
merization was found to be cofilin dependent but PIP3 c
independent. As stated above, it has been shown that d
fibroblast in shallow PDGF gradients produce localized m
pulses of PIP3 within their leading edge and that these s
correlate with local protrusions orienting the cell toward t
the high end of the gradient (Arrieumerlou and Meyer, o
2005). d
t
pChemotaxis in Multicellular Tissues
The role of chemotaxis in the organization of multicellu- n
clar tissues is less well understood because in vivo in-
vestigations are much more difficult in developing or- t
ganisms than in isolated cells as a result of the manyell-cell and cell-matrix interactions. This applies espe-
ially to the investigation of the molecular mechanism
eading to cell polarization and signaling to the actin/
yosin cytoskeleton because this requires high-resolu-
ion observations of cells migrating in their in vivo envi-
onment. However, advances are being made because
f the availability of vital probes for polarization and
mproved imaging methods (Weijer, 2003). We now re-
iew a number of cases where the role of chemotaxis
as been demonstrated and where investigations of the
echanisms underlying polarization and signaling to
he cytoskeleton have started.
ignaling through Serpentine Receptors
ulticellular Dictyostelium Development
he multicellular stages of Dictyostelium development
ave been shown to be dependent on propagating
aves of cAMP, periodically initiated in the aggregation
enter and relayed outward by surrounding cells (Dor-
ann et al., 2001; Dormann and Weijer, 2001; Patel et
l., 2000). These waves direct chemotactic cell move-
ent toward the aggregation center and are visible as
ptical-density waves. Periodic activation of the cAMP
eceptors results in PIP3 formation at the leading edge
f the cells; at the same time, the cells polymerize actin
nd surge forward (Dormann et al., 2004; Dormann et
l., 2002b). The PIP3 production in the cells remains
olarized for periods up to 3–4 min, as long as the
AMP concentration is rising during the passage of the
AMP wave (Figure 1). The cells still respond with a 10–
5 s PIP3 pulse when stimulated with a sudden global
ncrease in cAMP, showing that adaptation is still work-
ng normally in these cells. This mechanism allows the
ells to keep on moving up the gradient during the ris-
ng phase of the cAMP wave, but it maintains their ca-
acity to repolarize instantly if necessary. The aggre-
ating cells collect into a hemispherical structure, the
ound. In the mound, the cells rotate, guided by multi-
rmed propagating spiral waves of cAMP (Weijer, 2004).
uring this phase, the cells continue to polarize period-
cally as judged by localized PIP3 production in their
eading edge, which results in localized actin polymer-
zation and a surge in forward movement (Dormann et
l., 2004; Dormann et al., 2002b). The mound trans-
orms into a cylindrical structure, the slug, which, after
variable period of migration, guided by environmental
ues such as light and temperature gradients, trans-
orms into a fruiting body consisting of a stalk support-
ng a head of spores. In the slug stage, propagating
ptical-density waves are still observed, and cells show
oordinated periodic changes in movement velocity, in-
icating that they still respond to periodic signals (Dor-
ann and Weijer, 2001; Dormann et al., 2004). At the
lug stage, the cells retain a continuous polarized dis-
ribution of PIP3 in the leading edge, without clear peri-
dic modulation as observed in the earlier stages of
evelopment (Dormann et al., 2002b). Dissociation of
he cells results in the immediate loss of polarized PIP3
roduction, but the cells can be repolarized with exter-
al gradients of cAMP, demonstrating that the ma-
hinery present during aggregation is still functional in
he slug stage.
During the multicellular stages of development, there
Review
25is a much stronger reliance on elements of the actin-
myosin cytoskeleton than during the earlier stages of
development. Myosin II null cells, which can still mi-
grate as single cells, cannot complete morphogenesis
beyond the mound stage to form slugs (De Lozanne
and Spudich, 1987; Patterson and Spudich, 1995), and
the same is true for α actinin/gelation-factor double
mutants (Rivero et al., 1996) and for a mutant in one of
Dictyostelium’s ten formins, forC (Kitayama and Uyeda,
2003; Rivero et al., 2005). Mutants in components, such
as TalinB, PaxillinB, and the LIM domain protein Lim2,
that couple the actin cytoskeleton to adhesion sites
(Chien et al., 2000; Tsujioka et al., 1999; Tsujioka et al.,
2004) are also blocked at the transition from the mound
stage to the standing-slug stage. Development is fur-
ther dependent on the expression of adhesion mole-
cules such as LagC and a Cadherin homolog CadA
(Dynes et al., 1994; Siu et al., 2004; Wang et al., 2000;
Wong et al., 2002). This indicates that it is more de-
manding for cells to move coordinately in a tissue and
that rear retraction becomes more important.
Movement of Primordial Germ Cells in Zebrafish
Another well-characterized case of chemotactic guid-
ance is the migration of primordial germ cells in the
zebrafish. Migration is controlled by the dynamic-
expression pattern of the chemokine SDF-1a, which is
detected through a serpentine receptor, CXCR4b (Doit-
sidou et al., 2002; Knaut et al., 2003; Raz, 2004). The
primordial germ cells follow changing locations of
SDF1 expression toward the forming gonad. Directional
movement is dependent on Gi proteins but only par-
tially dependent on the PI3-kinase pathway. This path-
way appears to be activated everywhere in the cell, and
there is no clear evidence for localized PIP3 production
such as observed in Dictyostelium and neutrophils. Re-
duction of PI3-kinase activity does slow down germ-
cell movement and decreases the stability of filopodia,
but it does not inhibit directional migration (Dumstrei et
al., 2004). Interestingly, cells appear to move in a “tum-
ble and run” mechanism, i.e., they stop every so often
to reassess their direction of migration (Reichman-Fried
et al., 2004). The mechanism of gradient sensing is not
understood in this case, and neither is there much in-
formation on how the guidance signals are transduced
to the cytoskeleton in this system. SDF1 has been
shown to be a conserved-guidance factor in the migra-
tion of primordial germ cells because it is also impor-
tant in mice and chick embryos (Ara et al., 2003; Moly-
neaux et al., 2003; Stebler et al., 2004).
Signaling through Tyrosine Kinase Receptors
Chemotaxis during Border-Cell Migration
in Drosophila
The migration of border cells during Drosophila oogen-
esis has been used as a simple but powerful system to
study directed cell migration in vivo. Border cells are
somatic cells that delaminate from the follicular epithe-
lium of a developing egg chamber and migrate as a
cluster, passing between the nurse cells to reach the
oocyte, where they fulfill specialized functions during
later aspects of development (Rorth, 2002; Montell,
2003). Border cells are directed on their way to the oo-
cyte by two guidance receptors, PVR and EGFR, andtheir ligands (Duchek et al., 2001; Duchek and Rorth,
2001; McDonald et al., 2003). The receptor tyrosine ki-
nases (RTKs) are expressed in the border cells, and the
corresponding ligands are synthesized in the oocyte
quite a distance away from the migration start point
of the cluster. Nonuniform signaling from the guidance
receptors is required in border cells, and both gain- and
loss-of-function studies have provided strong evidence
that EGFR and PVR ligands acts in a redundant manner
to attract border cells to the oocyte, possibly with the
help of additional, spatially restricted cues.
Examining the morphology of border cells during mi-
gration, Fulga and Rorth observed that at the initiation
of migration, a single long cellular extension (LCE), sev-
eral cell diameters in length, extends from the border-
cell cluster toward the oocyte (Fulga and Rorth, 2002).
The formation of this LCE requires directional guidance
cues and specific adhesion to the substratum. The LCE
may function as a “pathfinder” in response to PVR and
EGFR ligands, but unless LCE formation can be inhib-
ited rather selectively in border cells, this interpretation
remains a hypothesis. However, and in line with this
idea, the LCE breaks off from clusters that fail to mi-
grate efficiently (e.g., in the absence of the transcription
factor complex SRF/MAL; see below); the cytoplasmic
fragments that are generated in this process and pre-
sumably include the LCE continue to migrate and
eventually reach the oocyte, whereas the cell cluster
lags behind (Somogyi and Rorth, 2004).
What is known about the components downstream
of the guidance receptors, and how do these receptors
signal to the cytoskeleton? Because RTKs signal via
the canonical Ras/MAP-kinase pathway, several com-
ponents of this pathway were analyzed (Duchek and
Rorth, 2001). raf mutant cells showed normal migration;
in contrast, expression of both dominant-active and
dominant-negative Ras proteins did affect migration.
Because PI3K has been implicated in chemotaxis in
Dictyostelium and neutrophils (see above), constitutive-
active and dominant-negative versions of the catalytic
subunit were also expressed in border cells but did not
affect chemotaxis; the same result was obtained when
cells were mutant for PLCγ. Thus, neither PI3K nor PLCγ
appears to be a key mediator downstream of EGFR in
this particular context. In a separate study, evidence
was obtained that PVR acts through Rac and Myoblast
city (Mbc), an activator of Rac (Duchek et al., 2001).
Regulation of the actin cytoskeleton and control of
myosin function will most likely turn out to be key ele-
ments in chemotaxis in the development of multicellu-
lar tissues because they are in single-cell movements.
Some insight regarding these aspects has been ob-
tained from the genetic analysis of border-cell migra-
tion. Myosin II has been shown to be dispensable for
LCE extension and chemotaxis per se, but it is essential
for the subsequent translocation of the cell body (Fulga
and Rorth, 2002). Myosin VI, an unconventional, pointed-
end-directed motor protein, has also been shown to be
required for border-cell migration (Geisbrecht and Mon-
tell, 2002). Myosin VI is highly expressed in border cells
and associates with E-cadherin and β-catenin. Be-
cause myosin VI is attached to junctional complexes,
its movement along actin filaments could result in pro-
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26trusive forces, and indeed, protrusions are not detected
in border cells depleted in myosin VI.
Recent evidence also suggests that regulatory mech-
anisms might ensure that pulling forces acting upon mi-
grating border cells and tension generated within these
cells are balanced via sensors that measures actin-fila-
ment remodeling (Somogyi and Rorth, 2004). It has been
proposed that tension or deformation of border cells
leads to the nuclear accumulation of MAL-D, a cofactor
of the transcriptional regulator serum response factor
(SRF). The SRF/MAL-D complex might upregulate the
actin gene itself (as well as other genes), leading to al-
terations in the assembly of actin-directed cytoskele-
tal structures.
Quite unexpectedly, the Drosophila inhibitor (DIAP1)
of apoptosis 1 is genetically required for migration but
not for survival of border cells (Geisbrecht and Montell,
2004). DIAP1 was also found to suppress the migration
defect in border cells, in which a dominant-negative
form of Rac is expressed. Because mutations in the
Dark protein, an activator of the upstream caspase
Dronc, also rescue the migration phenotype of Rac inhi-
bition, DIAP1 appears to mediate an apoptosis-inde-
pendent role in Rac-mediated cell motility.
Clearly, these studies are at an early stage, and it
will be important to combine genetic approaches with
biochemical studies to make progress with regard to
the cytoskeletal targets of chemotactic receptors. How-
ever, these studies also show that genetic studies might
Flead to the identification of unexpected players in che-
(motactic processes in their role of shaping developing
worgans.
(What about the induction of polarity in border cells
Bby the chemotactic signaling? At the onset of migra-
p
tion, border cells are embedded in the monolayered fol- (
licular epithelium. Although it was initially thought that B
border cells take up a mesenchymal character during (
athe migration phase, they were recently shown to main-
ctain a differential distribution of a number of proteins
pwell known for their selective accumulation along the
n
apical-basal axis upon leaving the follicular epithelium. d
Not only do the apical epithelial proteins Par-6, Par-3/
Bazooka, and aPKC remain asymmetrically distributed
throughout migration, but this distribution is even re-
equired for efficient migration (Pinheiro and Montell,
m2004). In addition, E-cadherin is differentially localized
nand required for efficient migration, both in border cells
iand in substrate cells (the germline cells) (Niewiadom-
2ska et al., 1999). These results suggest that cells need
not lose apical/basal polarity in order to invade neigh-
lboring tissues and to undergo chemotaxis, a view that
lis supported by the way tracheal cells use RTK signal-
sing for guided cell migration (see below). The clearest
ssign of a polarization along the migration axis is the
(formation of the LCE at the leading end of the cell clus-
gter. Such LCE-like structures have been observed in
cother situations (reviewed in Rorth, 2003) and might be
1widely used as a mechanism for initiating invasive mi-
dgration in vivo. The length of such extensions might be
pinstrumental in reading out shallow gradients and keep-
2ing on track during navigation.
sChemotaxis during Trachea Formation
cin Drosophila
tChemoattraction can be directly linked to the establish-ment of a particular three-dimensional structure of anntire organ, and the system for which this has been
ost clearly demonstrated is the developing tracheal
etwork of the Drosophila embryo and larvae (reviewed
n Affolter et al., 2003; Ghabrial et al., 2003; Uv et al.,
003).
Tracheal cells initially form sac-like, polarized epithe-
ial sheets with a well-developed apical side toward the
umen; the subapical adherens junctions provide adhe-
ion between individual cells in the monolayer. As a re-
ponse to the local secretion of the Branchless/Fgf
Bnl/Fgf) ligand from distinct, developmentally defined
roups of ectodermal and mesodermal cells in the vi-
inity of the tracheal invagination (Sutherland et al.,
996), the basal membrane of the tracheal cells forms
ynamic filopodial and lamellipodial extensions that ex-
lore the environment (Ribeiro et al., 2002; Wolf et al.,
002; Sato and Kornberg, 2002; see Figure 2). Bnl/Fgf
ignaling is strictly required for the formation of these
ellular extensions and for the ultimate movement of
he cell bodies toward the Bnl/Fgf-producing cells. Onlyigure 2. Fgf Acts as a Chemoattractant in Tracheal Morphogenesis
A) Schematic representation of tracheal cells (green) moving to-
ard cells (blue) secreting the Fgf ligand Branchless (blue).
B) Tracheal cells form filopodia and lamellipodia as a response to
nl/Fgf from their basal side. Tracheal cells keep their apical-basal
olarity during the migration process.
C) Tracheal cells labeled in green with GFP-actin migrate out to
nl/Fgf-producing cells in the vicinity.
D) Tracheal cells lacking the Bnl/Fgf receptor are labeled in red,
nd cells expressing the receptor are labeled in green. Only those
ells that express the Bnl/Fgf receptor extend filopodia and lamelli-
odia and migrate; the other cells remain inert. This experiment
icely illustrates that the morphogenesis process is entirely depen-
ent on Fgf signaling.a limited number of cells respond to the Bnl/Fgf signal
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27(presumably the ones closest to the source), but the
tight linkage of tracheal cells within the epithelium re-
sults in a deformation of the entire structure and ulti-
mately in the formation of bud-like extensions. Subse-
quently, the bud-like structures are further extended by
cell rearrangements and cell intercalation and establish
a well-defined tubular network (Samakovlis et al., 1996;
Ribeiro et al., 2004).
In contrast to Dictyostelium cells, which do not have
an inherent polarity in the absence of a graded external
signal, tracheal cells are epithelial cells with an apical/
basal polarity. Because the Fgf ligand is not secreted
into the luminal space and reaches the tracheal cells
via the basal membrane, the response is, to a large ex-
tent, already channeled into a given, global direction,
away from the apical side toward the source of Bnl/Fgf.
Live-imaging studies demonstrate that the responding
cells form filopodia on the entire basal side. Thus,
rather than polarizing individual tracheal cells, Fgf in-
duces a response in the basal membrane of a limited
number of neighboring cells in a larger cellular field,
thus generating a “patch” of migrating cells surrounded
by nonresponding cells. This situation is somewhat
analogous to the generation of specialized membrane
patches in a single cell as a result of the readout of a
chemoattractant gradient.
So far, it has not been possible to visualize the Bnl/
Fgf ligand and analyze its distribution in vivo; it there-
fore remains to be seen whether the ligand is indeed
present in a gradient or whether the interaction is a
more local one. Because precise targeting of tracheal
tip cells requires additional signals (such as Slit, for ex-
ample; Englund et al., 2002), cell-recognition mecha-
nisms (integrin signaling; Franch-Marro and Casanova,
2000), or unidentified cell-surface molecules (Wolf and
Schuh, 2000), a gradient of chemoattractant might nei-
ther be strictly required nor sufficient to home in the
leading cells at their final location.
Unfortunately, little is known about the molecular
links between Fgf signaling and the cytoskeleton. A
Fgf-specific signaling adaptor called Downstream-of-
Fgfr (Dof) (Vincent et al., 1998) was shown to be essen-
tial for signal transduction by both Fgf receptors in Dro-
sophila. Dof constitutively binds to the Fgf receptors
via a domain that shows similarity to Bcap and Bank,
two proteins involved in signaling downstream of the B
cell receptor (Petit et al., 2004; Wilson et al., 2004).
Upon tyrosine phosphorylation by the activated recep-
tor, Dof recruits the tyrosine phosphatase Corkscrew/
Shp2, an important mediator of the chemotactic response
(Perkins et al., 1996; Petit et al., 2004). The requirement
for Csw/Shp2 in Drosophila Fgf-guided cell migration
parallels the requirement of Shp2 in Fgf-driven cell mi-
gration in mammals (see below). Although is has been
shown that the activation of the Ras/Map-kinase sig-
naling pathway is not sufficient for tracheal-cell migra-
tion (Petit et al., 2004), it has not been possible so far
to conclusively show that Ras activation itself is essen-
tial. The function of the three Rac protein-encoding
genes has been analyzed in the trachea, but because
Rac also plays a role in cell adhesion, its role with re-
gard to migration could not be dissected at a detailed
level (Chihara et al., 2003). It might be essential to study
the function of the small Rho-family GTPases via the
analysis of different GTP-exchange factors, which mightplay more specific roles than the GTPases themselves.
The strong maternal contribution of Ras, Rac, and
many other candidate molecules has made it difficult
to assess their involvement via zygotic loss-of-function
genetic analysis. However, because the tracheal net-
work is remodeled during larval life under the control of
Bnl/Fgf (Sato and Kornberg, 2002), it should be pos-
sible to use mitotic clones (analogous to the analysis
of border-cell migration) to better define the events that
are downstream of the Fgf signal and that shape the
developing tracheal system.
Interestingly, it has been shown that the intracellular
domain of the Fgf receptor can be replaced by the in-
tracellular domain of other receptor tyrosine kinases,
RTKs that do not require the adaptor protein Dof for
signaling. Indeed, such chimeric receptors rescue tra-
cheal development in the absence of Dof, suggesting
that tracheal cells are primed to respond to RTK signal-
ing with a migratory response (Dossenbach et al.,
2001). In the light of these findings, it will be very inter-
esting to uncover how similar the events downstream
of RTKs in border cells and tracheal cells are.
In analogy to Dictyostelium, in which cAMP not only
acts as a chemoattractant but also as a morphogen
to regulate developmental cell choice (see Kimmel and
Firtel, 2004), Fgf signaling is used reiteratively in the
trachea to induce specific transcription programs in
cells experiencing the highest level of signaling and de-
limits and refines cell-fate choices in the periphery of
the tracheal tree (see Ghabrial et al., 2003, for a review).
In this manner, migration is coupled to an ordered as-
signment of specific cell fates (Metzger and Krasnow,
1999). At present, it is not known whether such feed-
back loops play important and direct roles in the migra-
tory process, and this will be a question of interest in
the near future.
Fgf signaling is also involved in a number of other
migratory events during Drosophila development; such
events include the spreading of the mesoderm (Gissel-
brecht et al., 1996), the correct positioning of glia cells
in the CNS (Klambt et al., 1992), and the migration of
mesodermal cells into the gonad (Ahmad and Baker,
2002). In the spreading of the mesoderm, it has been
postulated that Fgf signaling might play a permissive
rather than an instructive role with regard to the direc-
tion of migration (Wilson et al., 2005). The recent identi-
fication of the Fgf ligands that control mesoderm
spreading (Gryzik and Muller, 2004; Stathopoulos et al.,
2004) will allow the investigation of this issue in more
detail.
Gastrulation Movements in Vertebrates
Fgfs have also been implicated in the control of gastru-
lation in vertebrates (Bottcher and Niehrs, 2005). Initial
experiments in Xenopus embryos showed that expres-
sion of dominant-negative Fgf receptors resulted in fail-
ure of mesoderm induction and gastrulation (Amaya et
al., 1991). The effects of Fgf signaling on differentiation
can be separated from the effects on movement (Nutt
et al., 2001). Sprouty proteins modulate effects on
movement by inhibiting the Ca2+/Pkcδ pathway but do
not inhibit mesoderm differentiation, which is regulated
through Spred-family members that modulate Fgf-
induced Map-kinase activation (Sivak et al., 2005). This
Ca2+/Pkcδ signaling pathway may provide a link to the
planar-polarity pathway, which is proposed to control
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Etrulation in Xenopus by signaling to Dishevelled, a
downstream component of the noncanonical Wnt sig- w
analing pathway (Keller, 2002; Kinoshita et al., 2003;
Wallingford et al., 2002). The signaling pathways to the t
scytoskeleton may involve signaling through Cdc42,
Rho, and Rac (Choi and Han, 2002; Habas et al., 2003; 2
mKim and Han, 2005; Tahinci and Symes, 2003) and are
dependent on the Formin Daam (Habas et al., 2001). s
mThe signals controlling cell polarization and intercala-
tion of the cells are unclear. They may involve some c
Along-range signaling, as has been postulated to be the
case in Drosophila (Adler, 2002), in which case this may t
lbe considered a chemotactic process within the context
of an epithelial sheet of cells. Interestingly, it has re- c
ccently been shown that during gastrulation in zebrafish,
convergent extension movements are dependent on s
msignaling through Gα12 and Gα13 proteins (Lin et al.,
2005). On the basis of expression of dominant-negative T
bforms and downregulation through morpholinos, these
proteins appear to be required in a cell-autonomous s
tmanner for cell elongation and efficient dorsal migra-
tion of involuting mesoderm cells. They function in a f
epathway that is independent of noncanonical Wnt sig-
naling. s
rFgf signaling also plays a central role in the migration
of mesoderm cells from the primitive streak in the t
Pmouse. Of the 26 Fgfs present in vertebrates, only the
removal of Fgf 4 and Fgf 8 give rise to recognizable t
tphenotypes before or during the gastrulation stages of
development (Sun et al., 1999). Absence of Fgf 4 results o
in the death of the embryos immediately after implanta-
tion, and it has been suggested that Fgf 4 is required 8
ifor the growth of the trophoblast stem cells (Feldman
et al., 1995; Tanaka et al., 1998). The Fgf8−/− mutant, p
awhich is defective in Fgf 4 expression in the primitive
streak, displays a strong phenotype during gastrulation i
i(Sun et al., 1999). The mesoderm cells do undergo an
epithelial-to-mesenchymal transition (EMT) but then do a
anot move away from the streak, showing that Fgf sig-
naling is required for the cells to be able to migrate 4
saway from the primitive streak. The Fgf-signaling mole-
cules controlling gastrulation likely interact strongly r
bwith the extracellular matrix because mutants in UDP-
glucose dehydrogenase, an enzyme necessary for the 8
msynthesis of glucosaminoglycan side chains of pro-
teoglycans, show phenotypes that are very similar to a
bthose of the Fgf 8 and Fgfr1 knockout mice in that the
mesoderm cells fail to migrate away from the primitive t
bstreak (Garcia-Garcia and Anderson, 2003). It is not
known through which of the four Fgf receptors and t
othrough which splice variants these Fgf 8 signals are
detected. The Fgfr1 receptor is a likely candidate be- p
ecause it is widely expressed during gastrulation in the
mouse (Yamaguchi et al., 1992). Knockout of the Fgfr1 i
ereceptor results in death of the embryo shortly after im-
plantation, and the embryos lack all axial and paraxial o
fmesodermal structures (Deng et al., 1994; Yamaguchi
et al., 1994). Chimeric analysis has shown that cells
olacking the Fgfr1 receptor do not traverse the primitive
streak and do not contribute to the formation of the P
aheart, somites, and notochord and are defective in the
downregulation of E-cadherin and upregulation of N-cad- d
therin (Ciruna and Rossant, 2001; Ciruna et al., 1997),howing that this receptor is crucial for the control of
MT. The myristiolated Fgfr docking protein Frs2α,
hich has multiple tyrosine phosphorylation sites that
ct as binding sites for the adaptor protein Grb2 and
he tyrosine phosphatase Shp2, appears to act down-
tream of both Fgf 4 and Fgf 8 signaling (Gotoh et al.,
005). It may control the Fgf 8-mediated gastrulation
ovements of mesoderm cells away from the primitive
treak. The phenotype of the mouse shp2 knockout
utant resembles that of the fgfr1 knockout rather
losely (Saxton et al., 1997; Saxton and Pawson, 1999).
chimeric analysis of shp2 knockout cells in a wild-
ype background has shown that these cells accumu-
ate at the posterior primitive streak and contribute ex-
essively to the neural tube (Saxton et al., 2000). The
ells that manage to progress through the streak are
trongly underrepresented in the extending mesoder-
al structures of the wings and the forming somites.
he fact that these cells can migrate through the streak
ut then do not migrate out as well as wild-type cells
uggests that shp2−/− cells are defective in responding
o the correct guidance signals or, alternatively, are de-
ective in migration. It has been shown that shp2−/−
mbryo fibroblasts are defective in a chemotactic re-
ponse to acidic Fgf, a generic Fgf that binds to all
eceptors (Ornitz et al., 1996), whereas their chemotac-
ic response to another well-known chemoattractant,
DGF, is unaffected (Saxton and Pawson, 1999). Fur-
her downstream signaling events are less well charac-
erized, but it is evident that gastrulation is dependent
n Rac1 (Sugihara et al., 1998).
In the gastrulating chick embryo, both Fgf 4 and Fgf
are expressed. Fgf 4 is expressed in the early embryo
n the anterior primitive streak and the forming head
rocess and notochord (Karabagli et al., 2002; Shamim
nd Mason, 1999), and Fgf 8 is expressed in the form-
ng streak, but expression in the node is lost just before
t starts to regress (Chapman et al., 2002; Lawson et
l., 2001). Cells from the middle of the primitive streak
re very strongly attracted toward beads soaked in Fgf
, and attraction is completely blocked by the expres-
ion of a dominant-negative Fgf receptor, Fgfr1c, in the
esponding cells; the same cells are strongly repelled
y FgfGF8 (Yang et al., 2002). It was proposed that Fgf
acts as a chemorepellent and instructs the cells to
ove away from the streak and that cells leaving the
nterior streak are attracted back in toward the midline
y Fgf 4 produced in the headprocess and forming no-
ochord. Cells leaving the posterior streak are attracted
y an unknown signal generated at the boundary be-
ween the area pellucida and the area opaca. In support
f this idea, it was shown that small pieces of head
rocess, transplanted in the epiblast of a stage-4
mbryo, could attract mesoderm cells in a manner sim-
lar to that of an Fgf 4-coated bead transplanted in the
piblast, whereas the boundary region of the area
paca and area pellucida also produces an attractant
or middle-streak cells (Yang et al., 2002).
In frogs, it has been shown that the anterior migration
f prechordal plate cells is controlled by PDGFA/
DGFA-receptor signaling (Ataliotis et al., 1995; Symes
nd Mercola, 1996). PDGFA is expressed by the ecto-
erm of the blastocoel roof, whereas the PDGFA recep-
or is expressed by the migrating mesoderm cells. The
Review
29migration of the prechordal plate cells is dependent on
contact of these cells with the fibronectin-containing
extracellular matrix deposited by the cells lining the
blastocoel roof (Nagel and Winklbauer, 1999). Cells po-
larize on a matrix deposited by the blastocoel roof on
a coverslip and migrate in anterior direction. Blocking
PDGFA/PDGFA-receptor signaling by inhibitors of the
PDGFA receptor, by expression of a dominant-negative
receptor, or by expression of dominant-negative PDGFA
does inhibit directed movement toward the animal pole
but not movement itself. Overexpression of PDGFA re-
sults in random migration of mesoderm cells (Nagel et
al., 2004). In zebrafish, PI3 kinase is necessary for cell
polarization and extension of processes during PDGF-
dependent anterior migration of mesoderm cells. Inhi-
bition of this pathway makes the process less efficient,
i.e., the cells will still move forward but do so in a less-
directed manner, suggesting that there may be alterna-
tive signaling pathways that can transduce the PDGF
signals to the cytoskeleton (Montero et al., 2003).
Outlook
Studies of chemotactic cell migration of Dictyostelium
amoebae and neutrophils have shown that differential
activation of the actin-myosin cytoskeleton along the
gradient of a chemoattractant results in directional
movement. The signaling pathways controlling front/
back polarization involve amplification of PIP3 produc-
tion in the leading edge, differential activation of Rho-
family proteins in the front and the back, signaling to
actin polymerization in the front, and myosin localiza-
tion and activation in the back. The exact mechanisms
controlling the differential activation of these pathways
remain to be worked out. Extension of filopodia most
likely plays an important role in the gradient-sensing
mechanism because mutants lacking filopodia and mu-
tants generating excessive filopodia all show very poor
chemotaxis in a variety of systems, especially in cases
where the chemoattractants are poorly diffusible, large
proteins that interact strongly with the extracellular ma-
trix and have to be sought out actively by the cells.
How filopodia sense gradients and how the cell pro-
cesses this information to result into directed motion
remains a big challenge to be worked out. There is not
yet a consensus about the importance of localized PI3-
kinase signaling during chemotaxis, especially not in
cases involving signaling through tyrosine kinase re-
ceptors; however, inhibition of PI3-kinase activity re-
sults in reduced filopodia extension, polarization, and
efficiency of movement in most cases investigated.
Cell-cell and cell-substrate interactions become very
important in the regulation of cell polarization and
movement in multicellular tissues, which adds another
level of complexity, one that will need further investiga-
tion, to the signaling pathways involved. However, the
inherent polarization of cells responding to chemo-
attractant and the presentation of the ligands to distinct
membrane domains might in fact simplify the situation
in certain cases.
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